Abstract In spite of decades of malaria research and clinical trials, a fully effective and long-lasting preventive vaccine remains elusive. In the present study, 5370 proteins of Plasmodium falciparum genome were screened for the presence of signal peptide/anchor and GPI anchor motifs. Out of 45 screened surface-associated proteins, 22 were consensually predicted as antigens and had no orthologs in human and mouse except circumsporozoite protein (PF3D7_0304600). Among 22 proteins, 19 were identified as new antigens. In the next step, a total of 4944 peptides were predicted as CD8? T cell epitopes from 22 probable antigens. Of these, the highest scoring 262 epitopes from each antigen were taken for optimization study in the malaria-endemic regions which covered a broad human population (*93.95%). The predicted epitope 13ILFYFFLWV21 of antigen 6-cysteine (PF3D7_1346800) was binding to the HLA-A*0201 allele with the highest fraction (26%) of immunogenicity in the target populations of North-East Asia, South-East Asia, and sub-Saharan Africa. Therefore, these epitopes are proposed to be favored in vaccine designs against malaria.
Introduction
Malaria is a life-threatening disease caused by Plasmodium parasites that are transmitted to people through the bites of infected female Anopheles mosquitoes (vector). Human malaria is caused by one of five species of Plasmodium, P. falciparum, P. vivax, P. malariae, P. ovale and P. knowlesi. About 3.2 billion people (almost half of the world's population) are at risk of malaria. Sub-Saharan Africa depicts a high share (90%) of the global malaria death (WHO 2016) . The failure of malaria vector control, due to insecticidal resistance and development of anti-malarial drug resistance, has also resulted in an increase of malaria transmission worldwide, thereby currently receiving intensified attention toward the development of a malaria vaccine (Jones and Hoffman 1994) . There are no licensed vaccines available globally so far against malaria. However, very recently, WHO confirmed phase-III clinical trials of the world's first malaria vaccine known as RTS, S, which is partially effective against the most deadly malaria parasite, i.e., P. falciparum that is reported to be highly prevalent in Africa (Gosling and von Seidlein 2016; Vandoolaeghe and Schuerman 2016) . Remarkably, the pathogenesis and clinical manifestations of malaria are dependent on the age and genetics of the human host including the transmission dynamics of the parasite (Cowman et al. 2016) .
In the past decades, several approaches have been used for the development of malaria vaccines, ranging from the immunization with killed/live-attenuated pathogen to the formulation of safer subunit vaccines (Koganty 2003; McCarthy and Good 2010; Lu et al. 2016; Tan and Jiang Electronic supplementary material The online version of this article (doi:10.1007/s13205-017-0947-7) contains supplementary material, which is available to authorized users.
& Satarudra Prakash Singh spsingh5@amity.edu 2016) together with genome editing (Singer and Frischknecht 2016) . Malaria vaccines, presently under development, are based on a single or few antigens and offer too narrow immune response, i.e., neither optimal protection nor protection of genetically diverse backgrounds. Therefore, no vaccine candidate has been advanced with sufficient efficacy and population coverage for commercial production (Trieu et al. 2011; Davies et al. 2015) . Several other investigators believe that an effective malaria vaccine will need to target multi-stage antigens that induce both antibody and cellular immune responses (De Sousa and Doolan 2016) . Also, there are population-specific differences in the subset of T cells, which are expanded resulting in primary infection of Plasmodium, suggesting that malaria vaccine development may require optimization according to the target parasite as well as host (Good and Doolan 2010; Singh et al. 2015) . Conventionally, vaccines have been developed by cultivating disease-causing agents and isolating the killed/attenuated whole pathogen or its subunit selected on the basis of function, abundance, and immunogenicity. Nevertheless, these methods may have overlooked many potentially excellent candidates present with high abundance under the natural conditions during colonization and infection. These antigens may have been present only in lower amounts on the surface of the pathogen during in vitro expression. Interestingly, in the year 2000, a new approach called reverse vaccinology (RV), enabled novel vaccine discovery processes based on genomic information without growing pathogen in the laboratory (Sette and Rappuoli 2010) . In the last two decades, an advancement in genome sequencing and annotation, coupled with the new and improved bioinformatics tools, has revolutionized the vaccine design strategy, which allows vaccines to be designed even for noncultivable pathogens. Rather than selecting individual proteins for in vitro/in vivo evaluation, the RV approach analyses the entire protein repertoire of the pathogen using bioinformatics tools to prioritize potential target proteins for their high-throughput expression and validation in animal models. These proteins are either surface components of the target pathogen or secreted by the pathogen which may be predicted as antigens (Goodswen et al. 2013 ). The predictions are based on protein structural features, such as integral transmembrane arrangements (alpha-helices and b-barrels), signal peptides/anchors, GPI anchor and secretary proteins. In reality, a licensed novel vaccine against MenB has been developed by applying the RV approach (Rappuoli et al. 2016 ). Thus, identifying novel candidate antigens is one way to boost up new malaria vaccine development (Dellagostin et al. 2017) .
Moreover, vaccine development using native antigens is not always optimal and engineered constructs with only protective epitopes may perform better in eliciting the optimal immune response (Liljeroos et al. 2015) . Hence, by using bioinformatics tools, all potential antigens of a pathogen could be screened virtually for the presence of their T cell epitopes that may lead to the design of improved vaccines by incorporating T cell immunity in addition to antibody-mediated immunity (Rappuoli et al. 2016 ). Cytotoxic T cell-mediated response in humans is elicited by a pathway comprising intracellular antigen processing and presentation. The epitopes selected for a vaccine must have binding affinity with more than one human leukocyte antigen (HLA) allele to cover a larger population. The antigens that contain many epitopes recognized by the multiple HLA alleles are known as promiscuous binders. However, the HLA supertype refers to a set of HLA alleles with overlapping peptide-binding specificities. The alleles in the given HLA supertype often represent the same epitope, which refers to the region on an antigen capable of eliciting T cell immunity (Davies et al. 2015; Terry et al. 2015; De Sousa and Doolan 2016) . Very recently, Teo et al. (2016) have demonstrated the functional roles of antibodies to protect malaria. However, the targets of T cell immunity are largely unknown (Plebanski and Hill 2000) . Thus, the identification of supertype CD8? T cell epitopes in the antigenic proteins that promiscuously bind to several HLA alleles are prime targets for future malaria vaccine design. These epitopes are relevant to the larger sections of malaria-endemic human population (Singh and Mishra 2016) . However, the determination of in vitro/in vivo binding specificities even for a single antigen and single major histocompatibility complex (MHC) allele are expensive, laborious, time-consuming and not possible to conduct studies for MHC supertypes (Reche and Reinherz 2007; Singh et al. 2010) .
In the present study, we took the advantage of the partially annotated P. falciparum genome and conducted whole protein repertoires-based screening of probable antigens by using the RV approach (Doolan et al. 2014) . To be potentially good vaccine candidates, the probable antigens must be surface exposed and able to be recognized by the cellular immune system (Lin et al. 2014 ). Thus, the study integrates analysis for supertype epitope prediction and optimization of selected antigens for the affected human population. These newly identified antigens/epitopes may help in designing fusion chimera for multi-component human malaria vaccine (Shamriz and Ofoghi 2016) .
Materials and methods

Retrieval of genome sequence data
The protein sequences of P. falciparum genome were retrieved from the GeneDB/PlasmoDB database (Christiane Hertz-Fowler et al. 2004 ) and analyzed by the bioinformatics tools presented in Table 1 for screening of probable vaccine candidates. Three gold standard antigens (EXP-1, LSA-3 and AMA-1) were taken as control for validation of the present RV approach following Doolan et al. (2003) .
Methodology of the work
The present RV-based study involved two major steps. The first step was the screening of probable antigens from whole protein sequence of P. falciparum genome using computational tools such as SignalP, TMHMM, VaxiJen, SCRATCH suite (ANTIGENpro, BETAWRAP, SOLpro, ABTM pro) and OrthoMCL database linked BlastP (Chen et al. 2006) . The second step covers prediction of immunogenic T cell epitopes using NetCTL program including population coverage analysis by OptiTope of the selected epitopes. Moreover, PAComplex tool was used to infer peptide homologous antigens and 3D structures available in PDB (Fig. 1) . The summary of bioinformatics tools used in the present study is given in Table 1 and mostly default settings (parameters) were used in the analysis.
Results and discussion
Screening of putative surface-exposed antigens
The screenings of VCs are performed by means of different bioinformatics tools that analyze the properties of each protein and their epitopes for possible human immune response (Table 1 ). The following are the properties of good VCs considered in the present study: (1) they do not show homology with human proteins to avoid the generation of a potential autoimmune response, (2) they lack transmembrane (TM) regions to facilitate their expression, (3) they possess antigenic and adhesin properties, which are important for the pathogenesis of the microorganism and for protection against the disease, (4) they are extracellular or cell surface localized to increase their accessibility to the immune system and (5) they possess optimal set of epitopes with respect to a target population (e.g. endemic regions of malaria) (El-Manzalawy et al. 2016; Singh and Mishra 2016) . Furthermore, cellular location and expression level also influence the induction and magnitude of parasite-specific T cell responses (Lin et al. 2014) .
In general, these aforementioned protein features such as signal peptides (SP) and GPI anchor motifs may serve to target intracellular proteins to the extracellular surface of plasma membranes/apical surfaces/outer membrane and/or activation of host-pathogen interaction (Varki et al. 1999; Gilson et al. 2006) . Considering these, in the present study, whole protein of the P. falciparum genome was screened for the presence of a SP/anchor and GPI anchor using SignalP 3.0 and DGPI methods, respectively. Out of 5370 coding sequences, 45 proteins were predicted to contain the SP/anchor and GPI anchor (Fig. 1) . Subsequently, their antigenicity was predicted using VaxiJen 2.0 and ANTIGENpro web servers with a threshold score C0.4, which provided a set of 22 potential antigens (Table 2) . Furthermore, their characterizations as VCs were performed by a (Kovjazin et al. 2011) . It has also been observed that bacterial and fungal proteins such as toxins, virulence factors, adhesins and surface proteins have parallel beta-helices that play an important role in human infectious disease (Cowen et al. 2002) . Out of 22 predicted antigens, 17 (except nos. 1, 11, 13, 15, 17) were predicted to contain the right-handed parallel beta-helix (super secondary structural motif) using a program called BETA-WRAP. Since it is difficult to clone, express and purify protein antigens with [1 TM spanning region, it might be better to ignore those proteins with multiple TM spanning regions as vaccine candidates. Furthermore, among these 22 proteins, 14 were predicted to contain B1 TM spanning region using the most reliable TMHMM web server, where three proteins (nos. 7, 11, 14) have alpha helical TM protein predicted by the ABTMpro program. As protein insolubility is another major obstacle for expression studies, a prediction method SOLpro was used to calculate the propensity of a protein to be soluble on overexpression and to identify mutations likely to increase the solubility of insoluble proteins. In this case, only seven proteins are predicted to be soluble on overexpression with the probability C0.5. For VCs, orthologous information gives an idea about the probable use of the vaccine in other related species (Kumar et al. 2015) . Hence, an exhaustive search for potential orthologs was performed through the OrthoMCL database (Chen et al. 2006 ) using BLASTp homology prediction. In this context, among 22 probable antigens, only 4 (nos. 9, 14, 15, 16) had no orthologs on other related species such as P. y. yoelii, P. c. chabaudii, P. berghei, P. knowlesi and P. vivax and only one antigen (no. 17) showed similarity with the hosts. Thus, it could be excluded from the probable vaccine candidates (Table 2) . Overall, in the first step, this study resulted in a list of predicted 22 antigens that consist of 19 new antigens and 3 known antigens (CSP, STRAP, GLURP) containing HLA class I binding peptide and/or CD8? T cell response available in PlasmoDB-linked IEDB database, and the detailed immunogenicity information is presented in supplementary Table S1 . These experimentally validated antigens have been successfully included as vaccine candidates (Kumar et al. 2006; Fidock et al. 1994; AntwiBaffour et al. 2017 ). The only licensed malaria vaccine RTS,S is composed of truncated P. falciparum CSP which is a major surface protein expressed on sporozoites and contains CD8? and CD4? T cell epitopes as well as B cell epitopes (Supplementary Table S1 ).Thus, the currently used RV strategy for screening of novel antigens seems to be an effective approach (Holz et al. 2016 ).
CD81 T cell epitope predictions by the NetCTL method
Malaria vaccines work mainly by inducing serum antibodies, a necessary and often sufficient constituent of vaccine efficacy that can inactivate pathogens directly or by cooperation with complement or immune cells (Doolan and Martinez-Alier 2006) . Further, it is well known that CD8? T cell responses are a key element of the immune reactivity elicited by several P. falciparum vaccines (Sette and Rappuoli 2010) . Experimental studies of Doolan et al. (2003) have also demonstrated the protective immune responses induced by immunization with irradiated sporozoites that were broadly dispersed on a relatively large number of parasite antigens and against multiple epitopes on those antigens with variable potency. In light of the important role of cellular immunity in vaccine efficacy, it seems logical and necessary to also incorporate a cellular immunity dimension into the malaria vaccine design strategy. One approach for identifying targets of T cell responses is an antigen identification based on the prediction of high-affinity binding MHC-restricted T cell epitopes using computerized algorithms (Sette et al. 1994 ). Based on algorithms that predict binding to MHC molecules, measured as 50% inhibitory concentration (IC 50 ) values expressed in nanomolars (nM), a meta-analysis using an affinity cutoff of 500 nM predicted that 52% of a panel P. falciparum peptides bound to HLA-A*0201 and led to the development of publicly available algorithms that are specific for MHC molecules (Doolan et al. 2003) . The outcome of the similar studies led to the establishment of the IEDB database that contains open access data and analytical tools such as NetCTL for malaria and a wide range of other organisms (Fleri et al. 2017) . To reduce experimental workload, HLA class I alleles have been grouped into nine major supertypes (clusters of alleles with similar peptide-binding motifs) and the majority of alleles fit these supertypes. Furthermore, analysis of the IEDB database suggests that [50% of HLA class I-restricted ligands bind to two or more HLA molecules often spanning different supertypes (Rao et al. 2011 ). In addition, HLA class I-restricted epitopes are well known to be promiscuous (binding to multiple HLA alleles) for malarial antigens including CSP (Doolan et al. 1996) and has been extended to include epitopes from other organisms (Frahm et al. 2007) . Keeping in view the above facts, the immunogenicity screening in the present study was limited to the predicted peptides that were able to bind HLA molecule with binding affinity (IC 50 ) B500 nM using the NetCTL algorithm. The algorithm predicts MHC-binding peptides that are correctly processed from the native antigen using the combined epitope prediction score of 0.75, which includes predictions of proteasomal cleavage, TAP binding and HLA binding (Larsen et al. 2005) . As a result, the amino acid sequences of the 22 predicted antigens and three control proteins were screened for their potential HLA class I-restricted supertype binding epitopes using the NetCTL algorithm. The control antigen proteins were included in the study to compare the epitope density/immunogenicity level of the predicted antigens. A total of 4944 CTL epitopes were predicted for 12 supertypes including 2523 HLA-A and 2421 HLA-B supertypes for the 22 predicted antigens (Fig. 2) . For the control antigens, EXP-1 has 44 supertype epitopes (28 HLA-A and 16 HLA-B), LSA-3 has 345 supertype epitopes (150 HLA-A and 195 HLA-B) and AMA-1 has 170 supertype epitopes (72 HLA-A and 98 HLA-B). Furthermore, all the 22 probable antigens exhibited better level of immunogenicity as compared to threshold (more than 10% of HLA-A or -B supertype epitopes) defined by the selected three control antigens (Fig. 3) . Out of 22 probable antigens, 13 (nos. 2, 4, 5, 6, 10, 11, 12, 14, 17, 18, 19, 20, 22) were predicted to contain more than 20% of HLA-A or -B supertype epitopes, which are higher than the epitope density of any control antigen (Fig. 3) .
Optimization of epitope set for malaria prevalent population coverage by OptiTope
In the past studies, it has been now accepted that all antigens or pathogen-derived epitopes are not equal in terms of their capacity to be recognized by the host immune system. This is called immunodominance, where pathogen-specific immune responses target only a small fraction of the full range of possible antigens or peptide epitopes (Sercarz et al. 1993 ). This may be due to properties intrinsic to the epitope(s), including efficiency of antigen processing and presentation, epitope abundance and MHC-binding affinity. Thus, the identification of epitopes, which are important targets of protective immune responses, will stimulate effective immunity against the target pathogen and is a key component of rational vaccine design (Rueckert and Guzmán 2012) . Since MHC is highly polymorphic, each individual host possesses a set of MHC class I molecules of different binding specificities. Therefore, binding prediction of antigenic peptides to MHC is important for designing effective vaccine and hence activation of the immune system. The NetCTL predicts MHC-binding peptides that are correctly processed from the native antigen. In the design of a peptide-based specific and effective vaccine, selection of the set of epitopes which yields the best immune response in a given population or individual is an important criterion (Peters et al. 2013) . Therefore, finally 262 predicted highest scoring CTL epitopes were screened from the selected panel of 22 probable antigens belonging to 5 HLA-A supertypes (Table 3a ) and 7 HLA-B supertypes (Table 3b) for optimization study in malariaendemic human population, viz. North-East (NE) Asia, South-East (SE) Asia, South-West (SW) Asia and subSaharan (SS) Africa. These epitopes were also searched in human protein reference database (HPRD) for similarity analysis, but none of the epitopes were found similar to human proteins. In this study, each of the 22 probable antigens was tested initially toward positive selection for each population and then the predicted highest scoring CTL epitopes by NetCTL of positive antigens were considered as a set of candidate epitopes. To compare the results of optimization of probable antigens with experimentally known antigens, the highest scoring distinct epitope set predicted by NetCTL of control antigens was also optimized for the same populations. For NE Asian population, ten probable antigens (nos. 1, 7, 9, 10, 13, 16, 17, 19, 20, 21) were tested for positive results. Similarly for the SE Asian population, 13 antigens (nos. 1, 4, 7, 9, 10, 11, 12, 13, 16, 17, 19, 20, 21) tested for positive selection. There are 11 antigens (nos. 1, 4, 7, 9, 10, 13, 16, 17, 19, 20, 21) tested for positive selection toward the SW Asian population and ten antigens (nos. 1, 4, 7, 9, 10, 16, 17, 19, 20, 21) tested positive for the SS African population. Among the control antigens, only LSA-3 showed a positive result in the SS African population. In OptiTope, the BIMAS program was selected as MHC class I-binding affinity prediction with threshold immunogenicity 1%. After the optimization of all the constraints under investigation (like MHC allele probabilities in the target population, peptide mutation rates and maximum number of selected peptides), the OptiTope algorithm provides an optimal set of epitopes along with additional information on their respective contribution to the overall immunogenicity including the alleles covered by the epitope in the selected population. (397) 2 (969) 3 (597) 4 (594) 5 (867) 6 (347) 7 (371) 8 (525) 9 (594) 10 (1210) 11 (373) 12 (676) 13 (738) 14 (361) 15 (1233) 16 (712) 17 (321) 18 (448) 19 (439) 20 (796) 21 (969) 22 ( (969) 3 (597) 4 (594) 5 (867) 6 (347) 7 (371) 8 (525) 9 (594) 10 (1210) 11 (373) 12 (676) 13 (738) 14 (361) 15 (1233) 16 (712) 17 (321) 18 (448) 19 (439) 20 (796) 21 (969) (1210) 11 (373) 12 (676) 13 (738) 14 (361) 15 (1233) 16 (712) 17 (321) 18 (448) 19 (439) 20 (796) 21 (969) 22 ( 
Prediction of malarial homologous antigens
Keeping in view the immunodominance correlation with hydrophobicity of T cell receptor (TCR) contact residues, PAComplex web server was used for the detailed atomic interactions (Chowell et al. 2015) . The most prominent antigen (no. 19) analyzed from the above work was further investigated for the presence of T cell epitopes by using PAComplex web server and five peptides were obtained above the threshold J z (H(Z MHC 9 Z TCR ) value 4. The peptide 13ILFYFFLWV21 with J z value 4.77 was again ranked first and matched 3/9 residues to a template LLFGYPVYV (PDB id: 1bd2). The detailed residue interactions (e.g., hydrogen bonds and VDW forces) of peptide 13ILFYFFLWV21 with HLA-A*0201-TCR template are described below. The positions 3, 5 and 8 prefer aromatic residues. The third (Phe) residue of the top hit peptide forms strong VDW with Y159 and L156, and H-bond with Y99 of the MHC molecule. At position 5 (Phe) of the hit peptide, an H-bond is formed with D30 and strong VDWs are formed with M92, A95 and G94 of TCR molecule. The position 8 (Trp) of the hit peptide forms an H-bond (W147) and strong VDW interaction (Q72) with the MHC molecule. It also forms two strong VDW interactions (G97 and G98) with the TCR molecule. Conversely, the compositions of positions 4, 6 and 7 are diverse. However, the positions 1, 2, and 9 prefer non-polar residues. The first (Ile) residue forms H-bonds with Y159, Y7 and Y171 and strong VDW with W167 in MHC. The second (Leu) forms H-bonds with E63 and K66 and strong VDW (F9, M45 and V67) with HLA-A*02101. Similarly, the ninth (Val) forms three H-bonds (D77, Y84 and T143) and strong VDW (L81) with HLA-A*02101. The comparative results (J z value) with three control antigens suggest that the predicted 13ILFYFFLWV21 of antigen no. 19 could be considered as a potential immunodominant novel vaccine candidate. However, functional assays are required to define the protective efficacy of the epitope (Sedegah et al. 2016) . A similar study toward the designing and computational analysis of a fusion protein has been also reported in P. falciparum (Shamriz and Ofoghi 2016) and Staphylococcus aureus (Hajighahramani et al. 2017 ) as a step toward developing a new vaccine candidate. If the sequence-based bioinformatics approaches fail to identify bona fide antigens, then an additional structure-based method may provide the rational design of next-generation subunit vaccines that correlate protective and broadly cross-reactive immune responses in vaccinated individuals with specific structural features (Doud et al. 2012; Liljeroos et al. 2015) . Therefore, more efficient and high-throughput screening approaches are needed that can be accomplished on a whole genome scale to provide more empirical data to inform antigen selection (Davies et al. 2015; Kassegne et al. 2016; Zeng et al. 2017 ) and further plant-based transient expression system for the fast production of vaccine candidates (Boes et al. 2016 ).
Conclusions
In recent years, peptide-based subunit vaccines have attracted more attention because of their different advantages. In the present work, using several available bioinformatics resources, we tried to find out probable antigenic proteins from P. falciparum genome and design an efficient multi-epitope subunit vaccine, which could stimulate CD8? T cell immune responses in malaria-endemic populations. Out of 22 probable antigens, 13 were predicted to contain more than 20% CD8? epitopes, which is greater than the immunogenicity level (predicted epitope density) of any control antigen. The highest scoring CD8? epitopes also covers better human population than the control antigens in the optimization study. These data provide the foundation for the development of an antigen/epitope map (immunosome) of P. falciparum with practical value to facilitate the design and discovery of multi-antigen and multi-epitope vaccines to mimic the complexity of responses elicited by natural infection. We expect that our designed vaccine shows promising results against P. falciparum malaria in practice. Moreover, the present approach offers the potential to overcome the deficiencies of the current ad hoc approach to antigen selection by using biological samples from humans or animals with immunity to malaria. However, the overall reliability of any in silico approach is strongly dependent on the accuracy of prediction, which in turn necessitates a robust definition of antigenic protein. There are limits to what in silico methods can achieve as well as immense opportunities to exploit its potential.
